Dark green islands (DGIs) are a common symptom of plants systemically infected with the mosaic virus. DGIs are clusters of green leaf cells that are free of virus but surrounded by yellow leaf tissue that is full of virus particles. In Cucumber mosaic virus (CMV)-infected Nicotiana tabacum leaves, the respiration and photosynthesis capabilities of DGIs and yellow leaf tissues were measured. The results showed that the cyanide-resistant respiration was enhanced in yellow leaf tissue and the photosynthesis was declined, while in DGIs they were less affected. The activities of the oxygen-scavenging enzymes catalase (CAT), peroxidase (POD), and superoxide dismutase (SOD) in infected leaves were signifi cantly higher than those in the healthy leaves, and the enzyme activities in DGIs were always lower than in the yellow leaf tissues. Reactive oxygen species (ROS) staining showed that the hydrogen peroxide content in yellow leaf tissues was apparently higher than that in DGIs, while the superoxide content was on the contrary. Formation of DGIs may be a strategy of the host plants resistance to the CMV infection.
Introduction
Virus infection is a kind of bio-stress, which is one of the most important limitations to crop productivity. Dark green islands (DGIs) had been a focus of morphological and cytological studies for a long time, even before the nature of viruses was known (Allard, 1914) . Cells within DGIs are free of viral RNAs and proteins (Atkinson and Matthews, 1970) . These cells also demonstrate resistance to super-infection by the original and closely related viruses but are susceptible to infection by unrelated viruses (Fulton, 1951) . DGIs have a phenotype similar to healthy tissue, and DGIs formation is a developmentally predictable event that occurs at random sites across a leaf. Typically, DGIs encompass more than one cell layer and contain more cells than can be accounted for, if DGIs were the product of a single cell's division (Atkinson and Matthews, 1970) . Yellow leaf tissue is virus-infected tissue, chlorophyll synthesis happens in serious delays than in the thinner DGIs. According to the great differences in the appearance of green and yellow tissue, there must have been great differences in their physiological processes.
Many studies have proved that alternative oxidase-mediated, cyanide-resistant respiration is related to anti-stress adaptation of plants. Alternative oxidase plays a role in removal of reactive oxygen species (ROS), apoptosis inhibition, stability of plant growth rate, and increasing the resilience of plant functions (Lei et al., 2008; McDonald, 2008; Watanabe et al., 2008) . The photosynthesis, respiration, and other physiological characteristics are also changed well in infected plants. However, the general physiological changes, especially the cyanide-resistant respiration alternation in DGIs, are less investigated.
In the present study, membrane damages, antioxidant enzyme activities, ROS levels, and chlorophyll fl uorescence parameters in DGIs and yellow leaf tissues were measured. In addition, the respiratory parameters were also determined, with special attention to the cyanide-resistant respiration. We attempt to clarify the biochemical mechanism of formation of DGIs in Cucumber mosaic virus (CMV)-infected Nicotiana tabacum leaves.
Material and Methods

Plant growth and stress treatments
Nicotiana tabacum was grown in a temperaturecontrolled growth chamber with a 16 h light/8 h dark cycle at 20 -25 °C. The virus isolate CMV-AH was presented by Cheng-Liang Zhang (Ministry of Agriculture Plant Quarantine Institute, China). Stock inocula of CMV were prepared and inoculated according to Xi et al. (2007) . Approx. 15 d after virus inoculation, the mosaic phenomenon was noticeable in Nicotiana tabacum leaves.
Measurement of chlorophyll content
The contents of chlorophyll (Chl) a and b were determined according to Lichtenthaler and Wellburn (1983) .
Determination of leaf respiration
The respiration rate was measured according to Vanlerberghe et al. (2002) . Leaves were placed in a Clark-type oxygen electrode cuvette (Hansatech, King's Lynn, UK) at 25 °C. Inhibitors of the cytochrome pathway (1 mM KCN) and the alternative pathway (20 μM n-propyl gallate) were used. The alternative pathway capacity is defi ned as O 2 uptake rate in the presence of KCN that was sensitive to n-propyl gallate. The total respiration is defi ned as O 2 uptake rate by cucumber leaves without any inhibitor (Lei et al., 2008) .
Oxidative damage estimation
The H 2 O 2 content of leaves was measured as described by Velikova et al. (2000) . Approx. 0.5 g of fresh leaves were cut into small pieces and homogenized in an ice bath with 5 mL 0.1% (w/v) trichloroacetic acid (TCA). The homogenate was centrifuged at 12,000 × g for 20 min at 4 °C. 0.5 mL of the supernatant was added to 0.5 mL 10 mM potassium phosphate buffer (pH 7.0) and 1 mL 1 M KI. The absorbance of the supernatant was read at 390 nm.
Lipid peroxidation was estimated by measuring the thiobarbituric acid-reactive substances (TBARS) as previously described (Xi et al., 2007) . The lipid peroxides were expressed as TBARS content.
Electrolyte leakage was measured according to Cao et al. (2009) . After measuring the conductivity, the tobacco leaves samples were boiled for 15 min to achieve 100% electrolyte leakage.
Determination of antioxidant enzymes
The activities of superoxide dismutase (SOD) and catalase (CAT) were estimated according to Shi et al. (2006) . The activity of peroxidase (POD) was analyzed according to the method of van Rossum et al. (1997) .
Superoxide and H 2 O 2 staining
In situ superoxide and H 2 O 2 were detected with nitroblue tetrazolium (NBT) and 3,3-diaminobenzidine (DAB), respectively, as described previously (Yang et al., 2004) . Tobacco leaves were excised at the base with a razor blade and supplied through the cut ends with NBT (1 mg mL -1 ) or DAB (0.5 mg mL -1 ) solutions for 8 h. Leaves were then decolourized in boiling ethanol (95%) for 15 min.
Measurement of Chl fl uorescence parameters in leaves
After 10 min of dark adaptation, the Chl fl uorescence parameters of the leaves were measured using an FMS2 fl uorescence meter (PAM-2100, Walz, Germany) according to the methods of Yuan et al. (2007) . The following parameters were calculated using the following equations: the maximal photochemistry of PSII Fv/Fm = (Fm -Fo)/Fm, where Fo is the minimum fl uorescence; the changes in the apparent PSII quantum yield Φ PSII = (Fm' -Fs)/Fm', where Fm' is the maximum fl uorescence yield after light adaptation; and the nonphotochemical quenching NPQ = Fm/Fm' -1.
Photosynthetic gas exchange
Photosynthetic gas exchange was measured using an open system (TPS-1, PP system, UK) according to the procedure of Yuan et al. (2007) , using the third completely expanded leaf from the top of each plant. Leaf net photosynthetic rate (Pn) and stomatal conductance (Gs) were determined at a temperature of 25 °C, CO 2 concentration of 350 μmol mol -1 , 45% relative humidity, and photon fl ux density of 800 μmol m -1 s -1 . The leaf temperature was controlled using a leaf cuvette with an 1010-M system (TPS-1, PP system).
Statistical analysis
Means of 3 triplicates were measured. Student's t test was used for comparison between different treatments. A difference was considered to be statistically signifi cant when p < 0.05.
Results
Chl content changes
Photosynthetic pigments are the basis of photosynthesis. The chlorophyll content of DGIs was signifi cantly higher than of yellow leaf tissues (Fig. 1) . The chloroplasts destroyed by virus infection may be resulted in the disruption of chlorophyll synthesis.
Degrees of membrane injury in different regions
TBARS are one of the most important lipid peroxidation products. The TBARS content refl ects the degree of membrane injury, and is an important injury indicator of plants under stress. The TBARS content of yellow leaf tissue was signifi cantly higher than that of DGIs and healthy tissue (Fig. 2d) . H 2 O 2 levels and electrolyte leakage data refl ected a similar trend that the contents in yellow leaf tissues were much higher, while levels of DGIs were close to those of healthy tissues (Figs. 2b, f) . These results suggest that virus infection reduces the stability and integrity of the plasma membrane, but the DGIs are less affected.
Changes of antioxidant enzymes activity
H 2 O 2 is removed primarily by the enzyme CAT. The CAT activity of yellow leaf tissue was higher than those of DGIs and healthy tissue (Fig. 2a) , which is consistent with the hydrogen peroxide contents. The activities of POD (which also removes H 2 O 2 ) and SOD (which converses superoxide into H 2 O 2 ) refl ected a similar trend (Figs. 2c, e) . It could be inferred that after virus infection, the enzymes activities were enhanced by ROS accumulation, which is highest in yellow leaf tissues.
DAB and NBT staining
DAB staining confi rmed the result that the highest H 2 O 2 accumulation occurred in yellow leaf tissue (Fig. 3) . Contrastingly, accumulation of superoxide (stained by NBT) in the DGIs was much higher than in the yellow leaf tissue (Fig. 3) . Fig. 4 shows signifi cant changes in respiratory parameters after virus infection. The cyanide-resistant respiration intensity of yellow leaf tissue was signifi cantly higher than that of DGIs and healthy tissue. After virus infection, the fl ow of glycolysis is serious disrupted; the way of pentose phosphate is still open, even strengthened. And the cyanide-resistant respiration (alternative pathway, AP) is enhanced subsequently (Rizhsky et al., 2002) . DGIs are the recover tissue after infection. Therefore, their physiological characteristics should be close to those of healthy tissue, although a little bit higher than those of healthy tissue.
Cyanide-resistant respiration changes
Photosynthetic fl uorescence parameters
Photosynthetic rate and stomatal conductance of yellow leaf tissue were signifi cantly lower than those of healthy tissue, while those of DGIs were closer to healthy tissue. Fv'/Fm', Fv/Fm and Φ PSII showed a similar trend. NPQ increased after infection, but not signifi cantly in DGIs (Fig. 5) . The increasing of NPQ also suggests the oxidative damages in chloroplasts (Yuan et al., 2007; Liu et al., 2009) .
Discussion
DGIs, small pockets of uninfected, virus-resistant cells in leaves of otherwise totally infected plants, have been an enigma since they were fi rst documented (Allard, 1914) . The DGIs restrict not only RNAs but also proteins of virus. Therefore, Fig. 1 . Chlorophyll contents of dark green island (DGI) and yellow leaf tissue (yellow) of CMV-infected Nicotiana tabacum leaves. Bars represent standard deviations of 3 independent replicates (n = 3). CK, control. the DGIs can resist the secondary infection of the same virus. A systemic signal is generated by virus infection and spread throughout the plant via the phloem (Fagard et al., 2000) . DGIs may be initiated in dividing cells in which the signal arrives before the virus.
Our work here proved that the physical characteristics of DGIs are similar to those of healthy tissue although there are still some differences. In yellow leaf tissue, the cell structure is destructed by virus infection. The extent of membrane injury was shown by TBARS and electrolyte leakage (Nanjo et al., 1999) , chloroplast degradation, resulting in the blockade of pigment-protein synthesis (Moore et al., 2001) , and consequently reduction of chlorophylls.
An interesting phenomenon should be noted. In the early stage of infection, whole leaves yellow, and leaf edges are curled. Followed by that, some parts of the base of the leaves turn to green. ROS are considered to be a resistance signal related to this symptom (Hernandez et al., 2006) . The ROS level of yellow leaf tissue is much higher than that of DGIs. We infer that the generation of ROS may occur before the formation of DGIs, because DGI formation is a time-consuming process.
Another interesting phenomenon is that the distributions of superoxide and of H 2 O 2 were exactly opposite after CMV infection. The content of hydrogen peroxide was closely related to the virus infection. However, superoxide was higher in DGIs than in yellow leaf tissues. This may be Fig. 5 . Leaf net photosynthetic rate, stomatal conductance, Chl fl uorescence parameters Fv'/Fm', Fv/Fm, PSII quantum yield (Φ PSII ), and non-photochemical quenching (NPQ) of dark green island (DGI) and yellow leaf tissue (yellow) of CMV-infected Nicotiana tabacum leaves. Bars represent standard deviations of 3 independent replicates (n = 3). CK, control. due to the relatively low activity of SOD in DGIs after CMV infection; therefore superoxide generated at photosystem I under light could not be changed into hydrogen peroxide effectively.
There is a series of physiological and biochemical reactions during defense responses mediated by resistance genes. DGIs refl ect post-injury recovery ability of plants. DGI is a good model to study systemic acquired resistance of plants. Further research on physiological processes and signal transductions will certainly contribute to understanding of molecular mechanisms of plant resistance to virus infection.
